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[Abstract]  
Using a first-principles approach, we studied electronic structure modulation in 
monolayer SnSe. Our results show the fundamental band gap size can be tuned via 
applying external constant potential (ECP) to muffin-tin spheres. At ECP of 0.9 Ry, 
semiconductor-metal transition appears, and a new type of nearly linear dispersions 
occur at band edge. We theoretically propose a new strategy to tune the band gap and 
obtain nearly linear dispersions in monolayer SnSe, which can inspire more 
experimental and further theoretical research works.  
 
 
 
 
 
 
  
1. Introduction 
Tin selenide (SnSe) possessing similar crystal structure with black phosphorus, 
has great potential and promise in electronics and photonics applications. Bulk SnSe 
has been reported to be state-of-the-art thermoelectric material (TE) due to high 
conversion efficiency from waste heat to electrical energy [1,2], thus it has received 
due and extensive attention. Especially its 2D counterpart, due to the ultimate scaling 
in thickness, indicates different physical and chemical properties from bulk. This 
stimulates many theoretical and experimental researches [3-7]. Recent theoretical 
work reported monolayer SnSe has dynamically and thermally stable structure. Low 
formation energy of ~0.2 eV [8] per atom also was presented due to strong covalent 
bond in the monolayer and weak van der Waals force in bulk. However, the binding 
energy of monolayer SnSe is as high as 32 meVÅ-2 that is higher than 17.8 meVÅ-2 of 
graphene and 29.9 meVÅ-2 of phosphorene [9]. This implies monolayer SnSe is more 
arduous to exfoliate from its bulk than graphene and phosphorene. Fortunately, SnSe 
nano-sheet with about four-atomic thickness was first successfully synthesized via 
one-pot colloidal method in 2013 [10] and then SnSe monolayer with lateral 
dimension of a few millimeters was synthesized via a two-step synthesis method in 
2017 [11], which offers a broad stage for theoretical and experimental researches on 
the monolayer SnSe.  
Recently, the discovery of topological Dirac line nodes and superconductivity 
induced by high pressure in bulk SnSe has reported [12]. This inspires us to explore 
band engineering of monlayer SnSe. In fact, the band gap and the shape of valence 
band (VB) and conductivity band (CB) are the most concerned of band engineering. 
As is known, the band gap is an important physical parameter that determines the 
usage and performance of semiconductor. For instance, transparent materials usually 
possess wide band gaps [13-15], and the optimized band gaps for solar cell materials 
are in the range of 1.3-1.4 eV [16-18], and excellent thermoelectric material usually 
has high mobility and band gap of <1.0 eV [19-22]. For the shape of band edge, 
materials with linear relation band are expected to have promising prospects in both 
basic and applied study. There are two common band-engineering strategies to tune 
the band gap and the shape of VB and CB of 2D materials: applying a tensile strain or 
an external electric field. For instance, applying a vertical electric field to bilayer 
transition-metal dichalcogenides such as MoS2, MoSe2, MoTe2, and WS2 could 
effectively tune their band gaps [23], and tensile strain could induce band gap 
decrease of germanium grown on silicon [24], along with the band shape changes. 
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Fig . 1 (Color online) (a) Sketch of partitioning the unit cell into atomic spheres (I) and an 
interstitial region (II). (b) DFT and (c) mBJ band gaps with and without SOC as a function of 
external constant potential. 
2. Computational details and methods 
In this work, we suggest that modifying the potential in muffin-tin spheres can 
engineer the electronic structure of monolayer SnSe, based on the first-principles 
calculations. The linearized augmented plane wave (LAPW) method was employed to 
calculate electronic structure. It is one of the most accurate methods. In the 
framework of method, the unit cell is divided into (I) muffin-tin spheres and (II) 
interstitial region (see Fig. 1(a)). We added the constant external potential Vcon to 
Hamiltonian in Kohn-Sham equations of density functional theory (DFT): 
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Herein, Vint + Vcon is the total potential that has the following form : 
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where Vint the lattice periodic potential that is the sum of the Coulomb and the 
exchange-correlation potentials. The calculations on electronic band structure were 
conducted in full-potential density functional theory (FDFT) package WIEN2k [25]. 
We used the Perdew-Burke-Ernzerhof (PBE) functional with the modification of 
Becke-Johnson (mBJ) as exchange-correlation potential VXC [26] and the spin-orbit 
coupling effect (SOC) were also taken account into. The cutoff parameter, total energy 
and charge convergences were respectively set to 7.0, 10-4 Ry and 10-4 e. The 
muffin-tin sphere radii of both Sn and Se atoms were 2.0 a.u.. In order to avoid 
layer-to-layer interaction, a 20 Å thick vacuum slab was built into the 2D structure. 
The k-mesh was set to 51511. However, it changed to 1000 k-points along the 
special points for band structure calculations.  
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Fig. 2 (Color online) mBJ band structures without SOC as a function of ECP in 
monolyer SnSe. 
3. Results and discussion 
Fig. 1(a) and 2(b) show the PBE and mBJ band gaps as a function of the external 
constant potential (ECP) in monolayer SnSe. The PBE band gaps are smaller than the 
mBJ, it is acceptable because the normal PBE functional always underestimate the 
band gap and the mBJ scheme has high accuracy like GW method. The mBJ band gap 
with SOC and without ECP is 1.0 eV, which is larger than 0.86 eV of SnSe bulk but 
slightly smaller than 1.06 eV without SOC. The difference between the band gaps 
with and without SOC suggests the SOC splitting of electronic structure may occur. 
The difference seems to be larger when the negative ECP is at -0.6, -0.9 and -1.2 Ry. 
Both PBE and mBJ band gaps decrease with the increase of positive EPC. At EPC of 
above 0.6 Ry, the band gaps are closed and monolayer SnSe should show metallic 
behavior. However, the negative ECP enlarged the band gaps. At ECP of -1.2 Ry, the 
mBJ band gaps with and without SOC reach up to 2.8 and 3.2 eV, respectively.   
Fig. 2 presents the mBJ band structures without SOC. At EPC of 0 Ry, there are a 
few nearly linear dispersions along -Y and -X directions. Each two of the linear 
dispersions touch each other on points D1, D2, D3 and D4, respectively (see Fig. 2(a)). 
The linear dispersions seem to have negligible contribution to electronic transport 
property due to being far away from the band edge. In fact, the linear dispersion 
should meet two conditions in order to have a conducive contribution to electronic 
transport: one is the linear dispersion point appears close to band edge (especially VB 
maximum and CB minimum) with a suitable band gap; On the other hand, the 
dispersion should be linear along all directions. Very few materials fit such harsh 
conditions. For example, although famous 2D material graphene has the linear 
dispersion conductivity and valley bands it possesses zero band gap, which restricts 
its wide applications in microelectronics and optoelectronics. Thus, many efforts have 
been devoted to open the band gap of graphene, but the effect is not fully satisfactory. 
We found that the touching points (D1, D2, D3 and D4) split and nearly linear 
dispersions vanish when the negative ECP are applied. However, when increasing the 
positive ECP, the linear dispersions become more obvious and touching points remain. 
More interestingly, other linear dispersions gradually form. At EPC of 0.6 Ry, there 
are two pairs of nearly linear dispersion respectively located in the -X and -Y 
directions, and both VBM and CBM are linear dispersion points. The band gap of 
0.21 eV is appears between the pair in the -Y direction, which is as small as that of 
0.20 eV in the -X direction. The two band gaps become 0.07 and 0 eV at ECP of 0.9 
Ry. In addition two new pair of linear dispersion in the -X and -Y directions also 
appear. 
Theoretically, it is found the SOC usually induces the small opening of band gap 
and even destroy the linear dispersion of some Dirac material. Thus, we toke the 
impact of SOC on electronic structure into account (see Fig. 3). It is expected that 
each of the touching points D1, D2, D3 and D4 splits, where the linear dispersions 
become unconspicuous and vanish as the increase of ECP. However, the linear 
dispersions induced by the positive EPC seem not to be destroyed, although there are 
large SOC splittings around the linear dispersions (see right column of Fig. 3). At ECP 
of 0 Ry, there are obvious SOC splittings at local VBM and VBM in the -Y direction 
but the -X direction, and the splitting at VBM in the -Y direction is up to 0.1 eV. 
The splitting fades away with the increasing ECP.  
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Fig. 3 (Color online) mBJ band structures with SOC as a function of EPC in 
monolyer SnSe. Right column: enlarge band structures along the -Ydirection at zero 
and positive ECP. 
That linear dispersion exists in all directions is very import to transport property. 
In order to verify this, we presented 3D structures of VB and CB in Fig 4. There is a 
certain degree of electron-hole symmetry especially in band edge although not high as 
graphene. The electron-hole symmetry becomes high as the ECP increasing. It is 
confirmed the ECP could induce large change of band structure shape. At ECP of 0.6 
and 0.9 Ry, notwithstanding no standard Dirac cone with one Dirac point forms, the 
enlarge 3D VB structure shows that local VBM locates at the intersection (the white 
and red in Fig. 4(e)) of two quasi-planes. This implies the two quasi-planes except for 
the intersection are nearly massless. These provide possibility to manipulate the 
nature of electrical transport. One can apply different ECP to tune the band gap and 
the shape of band edge, and find suitable balance between the band gap and linear 
dispersion. 
 
Fig. 4 (Color online) 3D band structures of mBJ+SOC valence and conductivity bands 
at different external constant potentials of (a) 0 (b) 0.6 and (c) 0.9 Ry. (e)-(g) Top and 
side views of 3D structures of valence band near VBM. 
 
4. Summary 
In summary, we use the first-principles method to study the effect of ECP on the 
band structure of monolayer SnSe. It is found that the band gaps can be tuned by 
applying different ECP. At ECP of 0.9 Ry, there are nearly linear dispersions existing 
in VB and CB, which are not destroyed by SOC. Our study is in favor of 
understanding the mechanism of the Dirac cones and proposes that applying CEP is 
new design strategy for electronic structure of 2D materials. We also hope there will 
be experiments to verify our predictions. 
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